Polyatomic gas expansion under pulsed evaporation is considered in one-dimensional plane approach. A system of balance equations is constructed for gas cloud expansion. The obtained analytical solution allows to predict temporal evolution of the spatially averaged gas dynamic parameters, such as density, temperature, and velocity. The obtained results are in good agreement with results of direct Monte Carlo simulation. Based on the cloud parameters, the number of collisions per molecule during expansion is calculated. This number is used for approximate estimation of gas dynamic parameters ͑including vibrational temperature͒ for the case of incomplete vibrational cooling. Based on analytical regularities, analysis of experimental data on pulsed laser evaporation of aniline is performed. The calculated aniline vibrational temperature correlates well with the experimentally measured one.
I. INTRODUCTION
Laser ablation of solids with nanosecond pulses of moderate intensity is widely used in modern technologies. 1 Pulsed laser irradiation of solid targets leads to formation of a vapor cloud. This cloud often consists of polyatomic molecules; e.g., under matrix assisted laser desorption 2 and pulsed ablation of polymers, 3 frozen glycerol, 4 or cryogenic molecular solids. 5 Under pulsed expansion of polyatomic gas, energy transfer from internal degrees of freedom to translational ones due to intermolecular collisions can considerably increase translational energy of molecules and hence appreciably change the cloud expansion dynamics. However, for vibrational degrees of freedom, energy transfer can be incomplete, since vibrational degrees of freedom are known to demand a large number of collisions for energy relaxation. Therefore, for pulsed evaporation of a small amount of matter, the number of collisions during the cloud expansion can be not enough for effective vibrational-translational ͑VT͒ energy transfer, which results in incomplete cooling.
The effect of incomplete vibrational cooling during pulsed cloud expansion of polyatomic molecules was experimentally observed in many works. [6] [7] [8] Vibrational cooling in gas mixtures was considered in Refs. 9-12. All these experimental works clearly demonstrate necessity for theoretical study of collisional internal cooling during laser-induced cloud expansion.
Incomplete vibrational cooling phenomenon was numerically studied in Ref. 13 , where the direct simulation Monte Carlo ͑DSMC͒ method 14 was applied for analysis of polyatomic gas cloud expansion caused by pulsed evaporation. The vibrational cooling extent is shown to be directly related with the number of collisions per molecule during expansion. The number of collisions in the cloud is declared as the primary characteristic, which allows to estimate and predict VT energy transfer efficiency.
There are a lot of papers dedicated to study of pulsed evaporation or pulsed expansion of polyatomic molecules into vacuum. Analytical solution for free molecular expansion of an initially uniform gas cloud is presented in Ref. 15 . Different self-similar analytical solutions are considered in Refs. [16] [17] [18] [19] . Numerical solution of gas dynamic equations with boundary conditions for reflection and recondensation is given in Ref. 20 . Analytical gas dynamics solution for pulsed emission without recondensation at the surface is presented in Ref. 21 . The general solution of the space-and timedependent flow field for an arbitrary adiabatic coefficient is presented in Ref. 22 , with both the boundary conditions of particle reflection and recondensation at the surface being treated. In addition, for particular cases of monatomic and diatomic gases, explicit expressions were derived.
However, all these analytical solutions are hardly applicable for study of pulsed expansion with incomplete cooling. The objective of the present work is to construct such an analytical solution ͑on the basis of the known ones͒ that will allow describing temporal evolution of the gas dynamic parameters during expansion with the regard for incomplete vibrational cooling, when vibrational temperature differs from translational one. To the best of our knowledge, it is the first theoretical work in this field. Results of the DSMC calculations 13 are used for verification of the proposed analytical solution.
The work consists of three parts. In the first part, the analytical solution describing temporal evolution of the average gas cloud density, velocity, and temperature during plane expansion for an ideal gas at the equilibrium state is presented. In the second part, the analytical solution for the case of incomplete cooling, when vibrational temperature differs from translational one, is discussed. In the third part, the obtained solution is applied for analysis of aniline evaporation.
II. ANALYTICAL SOLUTION FOR IDEAL GAS
Let us consider an ideal gas at the equilibrium state, when the internal temperature is equal to the translational one.
The problem of particle evaporation from a surface with consequent expansion into vacuum is considered in a onedimensional approach. Assuming moderate laser fluence, the classical mechanism of evaporation, which can be described by the Hertz-Knudsen law, is supposed. Molecules are evaporated with energy corresponding to the surface temperature T 0 . During time interval , particle flux ⌿ VAP is constant and equal to
where n 0 is the density of the saturated gas corresponding to the temperature T 0 , u T = ͱ 8kT 0 / ͑m͒, m is the molecular mass, and k is the Boltzmann constant.
In realistic conditions, a considerable part of the backscattered molecules is condensed at the evaporation surface. However, in this part, as the first approach to the problem solution, we consider that all backscattered molecules are specularly reflected from the evaporation surface. Thus, the number of molecules in the simulated zone and their total energy are conserved.
The cloud is characterized by some average gas dynamic parameters such as density n͑t͒, velocity ū͑t͒, and temperature T ͑t͒. The cloud density n͑t͒ is inversely proportional to the cloud length L͑t͒, which is directly related with the velocity of the cloud front u F ͑t͒.
At first for simplicity let us make some assumptions concerning parameters of the forming cloud during evaporation ͑t ഛ ͒. The average velocity of the evaporated molecules is u T , so we can suppose that ū = u F = u T . Therefore, in time t = , there is L = u T . From Eq. ͑1͒, the number of evaporated molecules N mol is
and the density in time t = is
It is worth noting that although in the formula the denominator contains length ͑instead of volume͒, nevertheless n is density. In fact, the one-dimensional approach assumes that we have a right-angled parallelepiped with length L and a base with unit side ͑R =1͒. In this case, the value of the volume coincides with value of the length ͑V = LRR = L͒. Calculating the number of particles per length, we assume the number of particles per volume. Thus, n is really density.
It should be mentioned that various models of steady evaporation at the Mach number of ambient gas equal to unity give the ratio of the ambient density n to the saturated vapor one n 0 about 0.3, 23 which is close to our value 0.25. Since we consider specular reflection of the backscattered molecules, the total energy of the gas cloud is constant, and we can write the energy conservation equation
where j is the number of internal degrees of freedom. Here, in the left part of the equation, we take ͑4+ j͒ instead of ͑3 + j͒, since the velocity distribution function of the evaporated molecules differs from that of the equilibrium gas ͑a more detailed explanation is presented in Appendix A͒. Given ū = u T , from Eq. ͑3͒, the temperature in time t = is
where
is the adiabatic exponent.
Having determined the cloud parameters during evaporation, we can construct a solution for the expansion phase ͑t Ͼ ͒. To proceed from the velocity of the cloud front u F to the average velocity ū͑t͒, the ratio ␦ = u F / ū is introduced.
Based on the asymptotic solution presented in Appendix A, for all calculations we take the constant ratio ␦ = 2. Considering that for t ഛ the cloud front velocity u F is equal to u T , the length of the cloud for t Ͼ can be estimated as
Taking into consideration Eq. ͑2͒, the density of the cloud is
. ͑4͒
The gas is assumed to obey the adiabatic law, so that
.
͑5͒
Thus, we have system of equations ͑3͒-͑5͒, which completely describes relations between n͑t͒, ū͑t͒, and T ͑t͒. The implicit solution of the system is
The limit values of velocity are Given velocity, one can get expression for temperature:
Figure 2 presents temporal evolution of temperature in comparison with the DSMC results. It is worth noting that DSMC calculations with different boundary conditions ͑specular reflection and condensation of the backscattered molecules at the evaporation surface͒ give close results, which well correlate with the analytical solution.
III. ANALYTICAL SOLUTION FOR INCOMPLETE VIBRATIONAL COOLING
The presented solution gives a good foundation for construction of an analytical solution for the case of incomplete cooling, when vibrational temperature differs from rotational and translational ones.
It is known that vibrational cooling extent is directly related with the number of collisions per molecule during expansion. 13 The above solution allows calculating this number. Actually given the average density and temperature of the cloud, we can estimate the mean free path , the average thermal speed c, and, as a result, the number of collisions in the cloud.
As a parameter determining the amount of evaporated matter, let us consider the number of evaporated monolayers ⌰ = ⌿ VAP ͚, where ͚ is an area occupied by one molecule at the surface. From this definition, the evaporation duration can be expressed as =16 ͱ 2⌰t 0 , where t 0 = 0 / u T , 0 =1/ ͑n 0 ͱ 2͒ is the mean free path, =4͚ is the collision cross section.
During evaporation ͑t Ͻ ͒, we have n͑t͒ = n 0 / 4 and
Then, the mean free path is 
To get the number of collisions per molecule N 1 ͑t͒, we should calculate the number of molecules in the cloud
and the total number of collisions in the cloud
Then, the number of collisions per molecule is
After completion of evaporation ͑t Ͼ ͒ from Eqs. ͑4͒ and ͑7͒, we have 
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Taking into consideration that the number of molecules during expansion is constant, the number of collisions that a molecule undergoes during time interval ͑ , t͒ is
To integrate the function ͑t͒ for getting an analytical formula, we should propose constant value ū͑t͒. With this proposition, we have
Summing Eqs. ͑8͒ and ͑9͒, the total number of collisions per molecule N͑t͒ for t Ͼ is
Taking into consideration weak velocity change with time for small values of j ͑Fig. 1͒, we can simplify the formula by using constant velocity ū͑t͒. For example, taking ū͑t͒ = u max = u T ͱ / 2 for j = 0, we have
The temporal evolution of the number of collisions per molecule in comparison with DSMC results is presented in Fig. 3 . One can see that time-dependent velocity ū͑t͒ gives the number of collisions, which is very close to the number calculated by the DSMC method. For j = 0, even the approach with constant velocity gives results close to the DSMC ones.
All the above-presented formulas are derived for the case of specular reflection of the backscattered molecules from the evaporation surface, which is not a usual case for applications. Let us consider the case of full condensation of the molecules at the surface. As one can see from Fig. 2 , condensation practically has no effect on the cloud temperature. However, it results in a significant density decrease. 24, 25 Based on the DSMC calculations presented in Appendix B, the ratio of molecules condensed at the surface ␤ POST up to time t =10 3 varies from 0.13 for j = 0 to 0.238 for j = 3 and 0.338 for j =13 ͑Fig. 7͒. The decrease of the number of molecules N mol in the cloud is supposed to be proportional to the decrease of the number of collisions N per molecule during expansion. Assuming recondensation at the surface, the number of collisions NЈ per molecule is
where N͑t͒ corresponds to the case of specular reflection and is determined by formula ͑10͒. Hence, having normalized the curves from Fig. 3 by factors 0.87, 0.762, and 0.662 ͑for j = 0, 3, and 13, correspondingly͒, we obtain the number of collisions for the case of molecular recondensation at the surface. Figure 4 shows good agreement between these normalized curves and the DSMC results. To consider incomplete cooling ͓with separation of translational ͑T t ͒ and vibrational ͑T V ͒ temperatures͔, it is convenient to introduce the effective number of vibrational degrees of freedom j E . It is assumed that these degrees of freedom are involved in VT energy transfer in such a way that their energy corresponds to translational temperature. The vibrational energy can then be expressed as
where j V is the total number of vibrational degrees of freedom.
Based on DSMC calculations, 13 it has been demonstrated that the ratio j E / j V is well approximated by the formula j E ͑t͒ j V = 0.37 arctan ͫ 2 log 10
where Z V is the number of collisions necessary for the overall vibrational energy de-excitation. This formula is correct for the range 0.01Ͻ NЈ / Z V Ͻ 310. For smaller values, j E / j V = 0; for larger values, j E / j V = 1. It is worth noting that this relation does not depend on j V . 13 Given this ratio, the vibrational temperature can be estimated as
͑14͒
The translational temperature T t is determined with the help of Eq. ͑7͒, with the number of internal degrees of freedom being defined as j =3+2j E . Thus, we have a complete system of equations that allows describing temporal evolution of the cloud translational and vibrational temperatures.
IV. ANALYSIS OF EXPERIMENTAL DATA ON ANILINE EVAPORATION
The obtained solution was used for analysis of experimental data on vibrational temperature for laser evaporation of aniline. 9 In that work, by measuring the resonanceenhanced two-photon ionization spectra, it was found that under evaporation of aniline molecules from a CO 2 matrix, the vibrational temperature is T V = 170Ϯ 30 K, whereas for pure aniline, T V = 420Ϯ 40 K. The spectra were measured in time practically corresponding to the maximum intensity of the signal. Thus, we can consider that the measured vibrational temperature is the temperature of the cloud core, and therefore it can be compared with our calculated average temperature.
In Ref. 9, the amount of evaporated material was not measured. However, it is reported that after 100 pulses of the evaporating laser, a crater with a diameter of 0.8-1 mm was visually examined, which allows us to propose a sufficiently large evaporation rate. Hence, we take the number of evaporated monolayers ⌰ = 1000, which corresponds to the evaporation depth of 0.5 m per pulse. In the absence of information on the pulse duration, we take = 10 ns as a typical one. Based on known calculations of the surface temperature for laser desorption of aniline from silica surfaces, 26 the initial temperature can be estimated as T 0 = 700 K. Correspondingly, the mean thermal velocity of evaporated molecules is u T = 400 m / s.
Data on the number of collisions necessary for relaxation of the overall vibrational energy Z V and the number of vibrational degrees of freedom j V for aniline can be found elsewhere. 13 It is known that generally the number of collisions Z V depends strongly on temperature. 27 For aniline, similar temperature dependence for Z V was demonstrated. Thus, for T = 100 K, Z V = 5800, whereas for T = 1000 K, Z V = 19. 13 Let us consider pure aniline first. For temperature T 0 = 700 K, the number of active vibrational degrees of freedom is j V = 10.5. 13 The number of active internal degrees of freedom is, then, j =3+2j V = 24. From Eq. ͑6͒, we can take velocity of the cloud core u Ϸ 2u T Ϸ 800 m / s. Taking into account the irradiated spot diameter D = 1 mm, the flow will expands laterally starting with time t 2D = D / u = 1.2 s = 120. The following lateral expansion will decrease the cloud density and correspondingly contribute to the temperature conservation, so further for comparison with experiment we will consider the cloud temperature just in time t 2D . The ratio of backscattered molecules can be estimated as ␤ POST Ϸ 35% ͑Fig. 7͒. Taking T = 500 K, the number of collisions necessary for vibrational energy relaxation can be estimated as Z V = 40.
13 Figure 5 presents temporal evolution of the cloud temperature, calculated with the help of these initial parameters. The vibrational temperature practically coincides with the translational one. Vibrational temperature in time t 2D = 120 is T V = 421 K, which practically coincides with the experimentally measured one ͑420 K͒. 9 Now let us consider mixture of aniline and CO 2 . For CO 2 the minimum vibrational frequency is v MIN = 673 cm −1 . At temperature T 0 = 700 K, the vibrational degrees of freedom are practically not excited, and CO 2 can be considered as a gas with rotational degrees of freedom only with j R =3. For such a gas from Eq. ͑6͒, velocity of the cloud core is u Ϸ 1.6u T Ϸ 640 m / s. Correspondingly, the lateral expansion will be significant after time t 2D = 150. The ratio of backscattered molecules is taken equal to ␤ POST = 23.8% ͑Fig. 7͒. For such a gas the translational temperature is substantially lower than for pure aniline, declining to 66 K in time t = 150 ͑Fig. 5͒. Therefore, for VT energy transfer we take temperature T t = 150 K and, based on this temperature, 
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Analytical model for polyatomic gas expansion Phys. Fluids 20, 027103 ͑2008͒ Z V = 1000. 13 For this case incomplete vibrational cooling takes place. The vibrational temperature is higher than the translational one by about 120 K, with the effective number of vibrational degrees of freedom being j E Ϸ 0.8j V . Vibrational temperature in time t 2D = 150 is T V = 188 K, which is close to the experimentally measured one ͑170 K͒. 9 Thus, the calculated vibrational temperature of aniline is in good agreement with the measured one. This comparison demonstrates that the obtained general regularities allow qualitatively determining the gas dynamic parameters of the cloud under pulsed laser evaporation.
V. CONCLUSION
On the basis of one-dimensional plane approach the analytical solution for polyatomic gas cloud expansion under pulsed evaporation is obtained. The obtained solution allows to predict temporal evolution of the gas cloud density, temperature, and velocity. Based on the cloud parameters, the number of collisions per molecule during expansion is calculated, which is used for estimation of vibrational temperature in the case of incomplete cooling. The obtained solution is in good agreement with results of the direct Monte Carlo simulation and with results of experimental measurements of vibrational temperature for aniline evaporation.
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APPENDIX A: ASYMPTOTIC SOLUTION FOR EVAPORATION INTO VACUUM
For construction of the system of balance equations, we need to introduce some additional relations between the cloud parameters. For example, it is necessary to define correlation between the average velocity ū and the velocity of the cloud front u F . For this purpose, we have recourse to the known asymptotic solution for one-dimensional expansion of an initially uniform cloud into vacuum. 17 If gas is assumed to obey the adiabatic law, its density n and velocity u in time t → ϱ are determined by the formulas
is the coordinate of the gas cloud front, and B and D are constants. These constants can be determined from the laws of mass and energy conservation
Given the initial energy
the constants are
The above-presented asymptotic solution is derived for the case of an initially uniform gas cloud. However, for the case of evaporation into vacuum this solution should be modified because of other initial conditions. Actually, for the gas at rest, the distribution function for each of three velocity components is
͑here, u 0 = ͱ 2kT 0 / m͒ and the total translational energy is
For the case of evaporation, the translational energy flux for the evaporating molecules is
where u is the velocity component normal to the surface, and v and w are components parallel to the surface. Normalizing q T to the number flux ⌿ VAP from Eq. ͑1͒, the translational energy per molecule is
Taking into consideration that the initial energy is E 0 = ͑4+ j͒kT 0 / 2, we have
ͪ. Having this solution, we can define relation between the average velocity of the cloud and the velocity of the cloud front. The average velocity is determined as
R͑t͒ n͑x,t͒u͑x,t͒dx
The front is determined as a point x f ͑t͒ that confines 98% of the total number of molecules, i.e., Given the asymptotic solution, we can calculate the ratio ū / u f . This ratio ranges from 1.834 for j = 0 to 2.3127 for j = 100. In the following, for simplicity, we take constant value ū / u f = 2 for any j.
APPENDIX B: DSMC CALCULATIONS
For verification of the analytical model, we use the direct Monte Carlo simulation ͑DSMC͒ method.
14 To describe molecular interaction, the hard sphere model is used. To account for the internal degrees of freedom, the Larsen-Borgnakke model 14 is applied. All internal degrees of freedom are considered as rotational ones, with the number of collisions necessary for energy relaxation Z = 1. In the context of the above-presented analytical model, a real gas is assumed to behave like a model gas which has ͑j E +3͒ rotational degrees of freedom. Therefore, DSMC calculations with Z = 1 should be coincident with the analytical solution. In all calculations, we use the number of evaporated monolayers ⌰ = 100. Details of the calculations can be found elsewhere. 13 To proceed from specular reflection to condensation in the analytical solution, one needs data on the ratio of backdeposited molecules. The DSMC method is the most appropriate method for getting such data. Figure 7 presents dependence of the ratio ␤ POST of the back-deposited molecules on the number of internal degrees of freedom j. The ratio ␤ POST is defined as
where N mol ͑t͒ is the total number of molecules in the cloud in time t. Figure 7 also presents the results of a semi-analytical solution of one-dimensional equations for pulsed expansion of ideal gas, 28 which agree well with the DSMC results. More results on back flux for pulsed evaporation into vacuum can be found in Refs. 24 and 25. 
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